Taiwan is an island surrounded by sea with high mountains, narrow land, and abundant rainfall. Concrete embankments in the coastal areas and river sides are usually constructed to protect people's lives and property. In general, the dikes are composed by a layer of concrete infilled with compacted soil. The base soil might be outflow with time because of water seepage or piping, concrete damage or foundation loss. Dike structure is not suitable for destructive testing methods for assessing its internal situation. Several hundred kilometers of sea and river embankments has been tested by center of NDT for CYUT. In this paper, a variety of non-destructive testing methods are used to detect the loss of soil inside dikes, including Ground Penetrating Radar (GPR), Time of Fight Impact-echo (IE), and normalized IE. Normalized IE is used for verifying substrate condition below concrete shell. Time of Flight IE is used to evaluate whether the surface opening crack is through the thickness of concrete. Proper application of several NDT methods can not only assess the status of the dike but also find the possible cause of the damage.
INTRODUCTION
During the flood season, the abundant rainfall often makes the embankment structure face rigorous test. Once the dike is damaged by flood or high tides, people's lives and property will be in a major threat. Embankments are often built along both sides of the rivers or coastlines. The length and distribution of the embankment are very broad. Therefore, the management and maintenance workload is heavy to sustain the ability of protection for all the embankments. The structure of the embankment is mostly filled with tamped soil and then covered with a layer of concrete. The damage to the structural body is often started from the empty of internal compaction of soil due to water seepage or piping. Lacking of support because of the slowly empty of the soil may lead to explicit cracks or breaking of the external concrete layer by flood or large waves. Early detection of the hollowness inside dikes and early repair work can prevent further damage of the dike. At present, the dike patrol operations mainly rely on visual inspection. The embankment damage is usually serious when being found out by the visual investigation. The destructive core drilling method to explore the hollowness is too slow and infeasible. Thus, it is more suitable and effective to apply the nondestructive testing method to detect the hollowing condition of embankment structures.
The so-called non-destructive testing method (NDT method) is not to destroy the measured object in the way of detecting the measured object and usually adopted by sound, light, electricity, magnetic and other methods through the indirect way to know the relevant information. For the detection of embankment structures, a variety of non-destructive detection techniques are suitable for use. For example, ground penetrating radar with electromagnetic wave detection principle is suitable for quick detecting the emptiness of embankment. Whether the cracks in the dike penetrate through the thickness is an important indicator for the embankment safety assessment. The stress wave detection Page 2 method using impact of spherical ball to exam the depth of surface opening crack can overcome the shortcomings of the insufficient energy for traditional ultrasound method. The newly developed normalized impact-echo test method can also be carried out to detect the hollow underneath the embankment. As a very small air gap, less than about 0.1 mm, can produce complete reflection of the stress wave from the boundary [1, 2] . The method is more sensitive than GPR in air void detection. In present study, the theoretic principles of the three mentioned NDT methods will be briefly introduced, followed by an experiment conducted to classify the GPR response with respect to different air gap distance, and finally site-investigation of a seashore embankment using the three methods.
BACKGROUND of NONDESTRUCTIVE TECHNIQUES

Ground-Penetrating Radar(GPR)
Propagation of electromagnetic waves through different materials is affected by the dielectric constants (or relative permittivity), which also govern the travelling speed of EM waves. The amplitude reflection coefficient of EM waves across the interface of two materials can be expressed as equation (1) . The dielectric constant of vacuum is 1.0 by definition. The dielectric constant of water is about 80 times of that of dry air (ε~1). Moisture or void in or beneath concrete can thus be detected since dry concrete has a dielectric constant about 5. Ground-penetrating radar, or GPR, is a device that performs line scans using EM waves of 100MHz -2GHz in frequency. The receiving antenna picks up signals reflected from internal discontinuity. The electromagnetic waves travel in a speed of 0.06m/nsec or greater in earth or concrete. A large amount of data is thus obtained swiftly in a single scan. The scanning procedure may include multiple scanning lines for high-risk areas. The recorded data are processed online or offline such that the difference in travelling time or dielectric constant can be analyzed. Further inspection may be performed deemed necessary using other techniques. Cross reference based on additional information is sometimes required for reporting severely distressed concrete structures [3] .
Normalized Impact-Echo Spectrum
Impact-echo method, is an acoustic method for nondestructive evaluation of concrete, developed in the 1980's is a broadly applied non-destructive test method for concrete [4] . In the method, transient stress waves are generated by the impact of a spherical steel ball, 3 mm to 20 mm in diameter, on the surface of the test object. Vertical displacements are recorded by a broad-band displacement receiver consisting of a small, conically-shaped, piezoelectric element cemented to a brass cylinder located on the surface near the impact-position. A portable computer-based data-acquisition system is used to capture the output of the transducer, and store the digitized waveforms. The response is analyzed in spectral form. The depth of an interface is determined from the frequency of the dominant response that corresponds to multiple reflections from that interface.
For a normal incidence of P-wave (dilatational wave), the amplitudes of the reflected P-wave, A reflected is given by
where Z 1 is the acoustic impedance of the material in which the incident wave propagates, Z 2 is the acoustic impedance of the material in which the refracted wave transmits through, A i is the amplitude of particle motion in the incident wave, and R is called the reflection coefficient. Fig. 1 (a) shows a schematic illustration of phase changes in reflected P-waves for the case that the acoustic impedance of the bottom layer is less than that of the top layer (Z 2 -Z 1 ＜0). Fig. 1(b) illustrates the displacement waveform recorded by a receiver close to the impact point.
For an interface at a depth of T 1 , the dominant frequency (f) in the waveform is given by
where C p, plate is the apparent P-wave speed in a plate and C p is the P-wave speed in an infinite medium.
According to the elastic theory, an impact response (u(r, t)) at a point having a distance (r) from the impact point is the result of the unit impulse response (G(r, t)) convoluted with the force-time function of impact (F(t)) as follows:
Performing the Fourier transform, F( ), of the both sides of Eq. (4) and rearranging the equation, one can obtain the Fourier transform of the unit impulse response as follows:
Eq. (5) can be regarded as the normalization of the impact-echo spectra with the impact force. The time history of the impact force is essential to normalize the impact-echo spectrum. In impactecho tests, a steel sphere is used as impact source and the force-time history during impact is not available. A simulated transfer function was proposed by Cheng et al. [5, 6] to normalize the impactecho spectrum. The simulated force-time function is derived from the displacement waveform caused by the arrival of Rayleigh wave (R-wave). The simulated force-time function can be obtained by dividing the displacement waveform of the R-wave by a coefficient of F n [5, 6] . Fig. 2 presents the procedure for calculating the simulated transfer function from an impact-echo response. The duration of the R-wave, t d , is defined by the time window between points A and C in Fig. 2(a) where point A is the first crest of the R-wave. The fraction of the R-wave beneath the zero displacement (the curve between points B and C) is used as the basis of the simulated force-time function as displayed in Fig. 2(b) . The simulated force-time function is obtained by dividing the waveform in Fig. 2(b) by Fn. The simulated transfer function is the amplitude of the impact-echo spectrum shown in Fig. 2 
Time-of-Flight Diffraction Technique
To measure the depth of surface-opening cracks in concrete, two receivers are used and located on the opposite sides of the crack. Fig. 3(a) shows the instrument arrangement. The first receiver is located on the impact side and has a distance H 0 to the impact point. The second receiver is located on the opposite side of the crack. Figs. 3(b) and (c) show typical waveforms recorded at the first and second receivers, respectively. After impact, the R-wave arrival at the first receiver will trigger the monitoring system. If the arrival time, t1, and the speed, C R , of R-wave are known, the time of impact initiation can be calculated as (t 1 -H 0 /C R ). The value of t 1 is negative because a pre-trigger mode is used in recording signals to avoid losing important information. The region behind the crack cannot be penetrated by waves generated by impact until diffraction at the crack tip occurs. Thus, the second receiver initially responds to the arrival of the diffracted P-wave. The arrival time, t 2 , of the diffracted P-wave can be obtained by identifying the initial disturbance in the waveform recorded at the second receiver. Thus, the shortest travel time for P-wave from the impact point to the second receiver can be obtained as t = t2 -(t1 -H0/CR) = t2 -t1 + H0/CR (6) Knowing the P-wave speed, C P , in concrete, the shortest travel length of P-wave from the impact point to the second receiver can be calculated as C P × t. If the distances from the crack to the impact point and the second receiver are H1 and H2 respectively, the depth, d, of the vertical surface-opening crack can be determined by the following equation: 
Experimental Study of Ground-Penetrating Radar in Laboratory
GPR is the most frequently used test instrument for loss of soil inside concrete embankment. In order to classify the fundamental responses of Ground penetration radar with respect to different gap space underneath the concrete plate, an experimental study was conducted. In the experiment a concrete plate with dimension 1×1×0.2 m as shown in Fig.4(b) is placed above soil with a thickness of 0.6 m placed in a plastic container as shown in Fig. 4(a) . The size of air gap between the concrete plate and base soil is controlled by four concrete cylinder at four corner of the container above the soil. There are 10 different heights of the cylinder to produce air gap of 0 to 0.29 m. A 500 MHz antenna was applied at the center of the plate and 20 tests at the same place were conducted to produce radar image for different air gap scenarios. For comparison, the radar images were composed by electromagnetic waves signals of 20 tests with no gap, 20 tests with certain gap space, and 20 tests with no gap as shown in Fig. 5 . Fig. 5(a) to (d) correspond to air gap space 0.03, 0.09, 0.15 and 0.29, respectively. The vertical axis is the double traveling time of the waves reflected from the boundaries. The strong black or white color corresponds to the arrival waves with large amplitude whereas the gray color corresponds to the ones with small amplitude. It can be found the gap will produce different amplitude signals at the time for wave returning from the bottom of the concrete plate shown by the double arrows in the figures. As the dielectric constant of typical sand or loamy soil is about 2.5 to 6, which is very close to the one of concrete, which is about 6, the reflection signal from the concrete-soil interface, according to Eq. (1), would be insignificant for the antenna moves to the location with underneath well bonded interface. On the other hand, when the air void exists underneath the concrete layer, the reflection signals from the concrete-air as well as the air-soil interface will be generated. The two reflected signals, which are opposite in phase, tend to cancel each other when the air gap is less the 1/4 of the wavelength of the EM wave and multiplied in amplitude for bigger gap. Thus, the larger the gap will produce stronger signals at the concrete-gap interfaces. 
Field test carried out on the embankment
In general, the dikes are composed by a layer of concrete infilled with compacted soil. Internal erosion of embankments is concerned by governmental authorities. Understanding and predicting the different modes of failure is important in assessing the safety of these structures. The field tests are performed on the seashore embankment of Changhua in Taiwan. A variety of non-destructive testing methods are used to detect the loss of soil inside dikes, including Ground Penetrating Radar (GPR), Time of Fight Impact-echo (IE), and normalized IE. Fig. 6 presents the photo of the embankment in Changhua and survey line of GPR. GPR with 500-MHz antenna was used to investigate embankment. The scanning results are shown as Fig. 7. Fig 7(a) shows the image of B-scan results where the abscissa represents the GPR dragging distance and the ordinate represents the travel time of the electromagnetic waves from the emitter to the receiver in the antenna. In Fig. 7(a) , significant radar reflection signals from the concrete-void interface can be found by the B scan at the distance 15 m-19 m, as shown as the circled area. The zone should be with obvious gap between shell concrete and soil.
To confirm the results obtained from GPR, the normalized impact-echo test and Time-of-Flight diffraction technique are performed on the suspected erosion zone and non-erosion zone of the embankment as shown in Fig. 8 . The results of the normalized impact-echo test are shown in Fig. 9 and listed in Table 1 . In Fig. 9 , the spectrum shows distinct peak at frequency 5.8-7.1 kHz corresponding to wave reflections from the concrete-soil or concrete-void interfaces. The normalized amplitude of test point A and B are close to theoretical amplitude of concrete slab with air boundary [5] , will be considered as the erosion zone of the embankment. On the other hand, the normalized amplitude of test point C and D are lower than theoretical amplitude, will be considered as the nonerosion zone of the embankment. The results of normalized impact-echo test confirmed the empty zone assessed by GPR. For further details, the depth of cracks of erosion zone were evaluated by Time-of-Flight diffraction technique, the evaluation results are shown in Fig. 10 and the measured depth of the cracks are listed in Table 2 . The test points C1 and C2 on the erosion zone of the embankment were found to be penetrated crack. The depth of cracks on the non-erosion zone, point C3 and C4, were 88 mm and 96mm after evaluation. The lack of support in the erosion zone may be the cause of the existence of through cracks.
CONCLUSIONS
A variety of non-destructive testing methods are used to detect the loss of soil inside dikes, including Ground Penetrating Radar (GPR), Time of Fight Impact-echo (IE), and normalized IE. In this study, an obvious erosion zone of soil was found by GPR method. The non-erosion zone, which is just besides the erosion zone, is confirmed to be well bonded using the normalized impact-echo method. Although the four surface opening cracks shown on the surface of concrete shell are similar by visual inspection, the Time of Flight IE test shows the two cracks located within the erosion zone extending through the thickness of the concrete and the other two located within the non-erosion zone only extended to half of the thickness. Thus, the results from different NDT techniques confirmed each other and provide useful information for planning repair priority. Non-Erosion zone (GPR survey) 
